Circulating tumor-derived cell-free DNA (ctDNA) analysis offers an attractive noninvasive means for detection and monitoring of cancers. Evidence for the presence of cancer is dependent on the ability to detect features in the peripheral circulation that are deemed as cancer-associated. We explored approaches to improve the chance of detecting the presence of cancer based on sequence information present on ctDNA molecules. We developed an approach to detect the total pool of somatic mutations. We then investigated if there existed a class of ctDNA signature in the form of preferred plasma DNA end coordinates. Cell-free DNA fragmentation is a nonrandom process. Using plasma samples obtained from liver transplant recipients, we showed that liver contributed cell-free DNA molecules ended more frequently at certain genomic coordinates than the nonliver-derived molecules. The abundance of plasma DNA molecules with these liver-associated ends correlated with the liver DNA fractions in the plasma samples. Studying the DNA end characteristics in plasma of patients with hepatocellular carcinoma and chronic hepatitis B, we showed that there were millions of tumor-associated plasma DNA end coordinates in the genome. Abundance of plasma DNA molecules with tumorassociated DNA ends correlated with the tumor DNA fractions even in plasma samples of hepatocellular carcinoma patients that were subjected to shallow-depth sequencing analysis. Plasma DNA end coordinates may therefore serve as hallmarks of ctDNA that could be sampled readily and, hence, may improve the costeffectiveness of liquid biopsy assessment.
D
NA molecules released by malignant cells are present in the peripheral circulation of cancer patients, providing noninvasive access to such genetic material. Circulating tumorderived cell-free DNA (ctDNA) analysis has been utilized as a liquid biopsy for the management of cancer. Liquid biopsies may serve as a surrogate of invasive biopsies because ctDNA molecules harbor molecular features that are associated with cancers. ctDNA features that have been characterized include somatic mutations, cancerassociated viral sequences, copy number aberrations, and differential DNA methylation signatures (1) (2) (3) (4) (5) . We envision that the most direct means to detect cancer using a cell-free DNA sample may be through the detection of cancer-associated hallmarks that are physically present on cell-free DNA molecules. Such DNA molecules would be deemed as informative signals for the presence of cancer. Among the methods mentioned above, one disadvantage of approaches based on the detection of viral nucleic acids is that not all cancers are associated with viral infections. However, the use of DNA methylation analyses require performance of additional laboratory steps such as bisulfite conversion. As a result, many research groups have focused on the detection of somatic mutations in plasma (4, (6) (7) (8) .
For the purpose of early cancer detection (1, 4, 9, 10) , testing approaches need to be able to detect biomarkers that are broadly represented among the majority of cancer cases in the target population without a priori information of the tumor genetic Significance Cell-free DNA fragmentation is a nonrandom process. We showed that cell-free DNA fragments with ends at certain genomic coordinates had higher likelihoods of being derived from hepatocellular carcinoma. Other coordinates were associated with cell-free DNA molecules originating from the liver. Quantitative assessment of cell-free DNA molecules bearing these respective groups of end signatures correlated with the amounts of tumor-derived or liver-derived DNA in plasma. There were millions of tumor-associated plasma DNA end coordinates across the genome. Due to their high prevalence, they were more readily detectable than somatic mutations as a cancer signature in plasma. Hence, detection of tumor-associated plasma DNA ends may offer a cost-effective means of capturing evidence for the presence of cancer through liquid biopsy assessment.
profile. However, cancers are highly heterogeneous (11, 12) . Even when a wide spectrum of mutations is targeted, not every cancer would bear at least one of those target mutations (4, 12, 13) . Lawrence et al. (12) surveyed the total burden of somatic mutations in a broad range of malignancies. The number of somatic mutations per cancer genome ranged from ∼3,000 to 30,000. The spectrum of mutations observed include those known as driver mutations, but the majority of such mutations are nondriver in nature, with many of which being private to an individual tumor. ctDNA molecules circulate among a background of nontumor-derived cell-free DNA molecules. At earlier stages of cancer, the tumor DNA fractions in the circulation are typically lower than those amounts present at later stages of cancer. Further compounded by the issues of intratumoral heterogeneity, the fractional concentration of any one somatic mutation originating from only one of the subclones might be even lower in plasma (2, 7, 8) .
To overcome these issues, we explored methods to improve the detection of informative ctDNA molecules in plasma. First, we developed an approach to detect the total pool of cancerassociated somatic mutations in plasma. Second, we investigated if there might be other classes of molecular signatures present on ctDNA. Recently, it has been shown that plasma DNA fragmentation is a nonrandom process (14, 15) . In the plasma of pregnant women, there exists plasma DNA molecules with ends that are preferentially derived from the fetal tissues while other molecules contained ends that are preferentially derived from the maternal tissues (14) . We hypothesized that tissue or tumor-associated preferred plasma DNA end signatures existed. We studied and compared the abundance of somatic variants and tumorassociated preferred ends as identifiable features of ctDNA.
Results
Clinical Specimens. This study was approved by the Joint Chinese University of Hong Kong and New Territories East Cluster Clinical Research Ethics Committee. Research participants were recruited from the Prince of Wales Hospital, Hong Kong, with informed consent. Paired plasma and tissue analysis was performed on a 60-year-old Chinese male who had chronic hepatitis B virus (HBV) infection complicated with compensated cirrhosis and hepatocellular carcinoma (HCC). Peripheral blood was collected before surgery. Tumor tissue and a biopsy of the adjacent nontumorous liver were collected at the time of resection. The tumor measured 18 cm at its largest dimension and was moderately differentiated without distant metastasis. Peripheral blood samples collected into EDTA tubes were also obtained from a chronic HBV carrier without liver cirrhosis nor HCC, 14 liver transplant recipients, and the corresponding liver donors. The liver transplant recipients were in stable conditions for more than 10 years after transplantation. Cord blood was collected from an uneventful Cesarean section delivery at 38 wk of gestation. Previously published sequencing data (16) from 32 healthy subjects, 67 chronic HBV carriers without cirrhosis, 36 patients with HBV-related liver cirrhosis, and 90 patients with HCC were also analyzed to investigate the tumor-associated cellfree DNA preferred ends.
Genomewide Scanning for Circulating Tumor-Derived Cell-Free DNA Signatures. Broad and deep survey of cell-free DNA was conducted by performing massively parallel sequencing on plasma DNA libraries prepared without PCR enrichment (14) until all of the library contents were consumed. The cell-free DNA sequence data after exhausting the sequencing library of one HCC patient reached >200× haploid human genome coverage. We then identified and quantified somatic mutations and tissue-or tumorassociated preferred DNA end signatures within the samples.
Somatic Mutation Identification from Tumor Biopsy. The buffy coat, resected tumor, adjacent normal liver tissue, and plasma specimen obtained from the HCC patient were sequenced to 45×, 45×, 40× and 220× human haploid genome coverage, respectively. The sequenced reads were first aligned using the SOAP2 aligner (17) . Amounts of reads aligning to chromosomal segments were determined as described (2) and revealed copy number gains and losses in the tumor tissue biopsy and plasma but not in the normal liver tissue (SI Appendix, Fig. S1 ). We then aimed to identify sequence variants that were present in the HCC tumor tissue but not among the buffy coat sequencing data of the HCC patient. Initial analysis revealed 11,086,153 such variants. Using a strategy we have developed-termed "dynamic threshold filtering"-to remove apparent variants arising due to sequencing errors, 16,027 variants were retained. Sequence reads spanning these 16,027 putative variants were realigned using a second aligner, namely Bowtie2 (18) . Reads carrying 12,112 putative variants were mapped to the same genomic location by both aligners. Lastly, 11,903 of the 12,112 putative variants were present at >30% fractional concentration.
To assess the false-positive rate of this filtering strategy, the same process was applied to the adjacent normal liver tissue biopsy. After dynamic threshold filtering, there were only 3,688 putative variants not present in the corresponding buffy coat DNA. Four hundred fifty-one of these variants remained after the second alignment step and only 96 of the 451 variants were present at >30% fractional concentration. To assess if the final sets of variants were true somatic mutations, we assessed the size of the DNA fragments bearing those variants in the corresponding plasma sample. SI Appendix, Fig. S2A shows that the cell-free DNA molecules bearing the variants identified from the tumor biopsy were shorter than the background cell-free DNA molecules in the plasma of this HCC patient. On the contrary, the 96 variants from the adjacent normal liver tissue did not show size shortening (SI Appendix, Fig. S2B ). Tumor-derived cell-free DNA molecules have been shown to be shorter than the nontumor-derived molecules (16) . Thus, the 96 variants from the normal liver biopsy were likely to be false positives. The 11,903 variants identified from the HCC biopsy were deemed true somatic mutations, and this number was compatible with the reported average number of mutations present per tumor (12) .
Scanning for Somatic Mutations in Plasma Without a Priori Tumor
Information. A depth of 220× haploid coverage was achieved after sequencing the entire PCR-free library prepared from the 4-mL plasma sample of the HCC patient. Bioinformatics filtering was performed without a priori knowledge of the set of somatic mutations identified from the tumor biopsy. Dynamic threshold filtering was applied to screen for sequence variants in both the plasma and buffy coat specimens. A total of 113,654 putative variants were present in the plasma but not the buffy coat. This set contained 10,050 (84%) of the 11,903 somatic mutations found in the tumor biopsy (Fig. 1A) . After realignment, 11,504 variants remained. Putative variants present at >5% concentration amounted to 11,466 and included 80% of the somatic mutations. Lastly, 9,928 of the identified variants were present on sequence reads that were at least 10 bp shorter than the median read length of molecules carrying wild-type alleles in the sample and included 71% of the tumor-derived somatic mutations (16) .
At each step of the filtering, variants that were present in the set of somatic mutations identified from the tumor biopsy were deemed true positives while those variants that were not within the set were classified as false positives. Based on these values, the positive predictive value (PPV) at each filtering step was determined. The PPVs improved from 8.8 to 85% after successive application of the different filtering steps (Fig. 1A) . The 11,466 plasma DNA variants identified after the successive filtering steps except the size-based filter also showed a short size profile (Fig. 1B) , consistent with the expected profile of ctDNA.
A cord blood plasma sample was sequenced to 100× using an identical PCR-free library preparation protocol. To test the specificity of the algorithm for identifying tumor-derived somatic variants, we applied the bioinformatics filters to variants observed to be present in the cord plasma but not in the corresponding buffy coat of the cord blood sample. Only 133 variants were finally identified (SI Appendix, Fig. S3A ), and these DNA molecules did not show size shortening (SI Appendix, Fig. S3B ) that was typical of ctDNA. Cell-free DNA of a chronic HBV carrier was also sequenced to 150× haploid genome coverage and analyzed using the same protocol. Only 222 variants were identified, and these DNA molecules did not show size shortening (SI Appendix, Fig. S4 ).
Identification of Liver-Associated Cell-Free DNA End Signatures. Due to the relatively low number of somatic variants associated with a tumor, we looked for other types of ctDNA signatures. Cell-free DNA molecules are short and fragmented, but the fragmentation process is not random (14, 19, 20) . We started by exploring the existence of cell-free DNA molecules with liver-associated preferred ends using samples obtained from a liver transplantation donor-recipient pair. Fig. 2A is a schematic illustration of the bioinformatics approach. With the use of an Illumina Omni 2.5M single-nucleotide polymorphism (SNP) array, 197,169 SNP loci in which the liver transplant recipient was homozygous (genotype denoted as AA) and the living-related donor was heterozygous (genotype denoted as AB) were identified. A PCR-free plasma DNA library of the liver transplant recipient was sequenced to 260× haploid human genome coverage. Cell-free DNA molecules carrying the B allele were derived from the transplanted liver. Using the B allele fraction, the proportion of liver-derived DNA in the recipient's plasma was 18.3% (21) . Among the donor-specific cell-free DNA molecules, we identified end coordinates that were statistically more abundant than predicted by a Poisson probability function if cell-free DNA fragmentation was completely random (14) . These sites were termed donor-associated preferred end sites or coordinates. We also identified the recipient-associated preferred end sites using the recipient-specific cell-free DNA molecules that spanned recipient-specific alleles mined from the genotype data. Fig. 3A is a plot of the number of observed cell-free DNA fragments ending at genomic coordinates along a region on chromosome 4. There were loci with overrepresentation of ends of donor-derived DNA as well as loci with overrepresentation of ends of DNA bearing alleles shared by the donor and recipient. We also observed coordinates where there was overrepresentation of cellfree DNA ends irrespective of whether the DNA molecules carried a donor-specific allele or a shared allele. The sizes of cell-free DNA fragments with donor-associated preferred ends were shown to be shorter than those with the recipient-associated preferred ends (Fig. 3B) , which was consistent with previous data (21) .
We identified 6,966 end coordinates (set A) showing statistically significant overrepresentation only among the donor-specific (i.e., liver-specific) cell-free DNA molecules (SI Appendix, Fig. S5A ). Set B included the 21,110 end coordinates that showed statistically significant overrepresentation only among cell-free DNA molecules bearing a shared allele (SI Appendix, Fig. S5A ). 3,525 end coordinates (set C) showed statistically significant overrepresentation among both classes of cell-free DNA molecules, namely those carrying a donor-specific allele and those carrying a shared allele. Because the use of this liver transplantation model to identify cell-free DNA preferred end coordinates was restricted to cell-free DNA molecules carrying a donor-specific allele, we estimated what was the likely proportion of the genome that might bear a liver-associated cell-free DNA preferred end coordinate. The set A preferred end coordinates were associated with 10,438 donor-specific alleles which was 5.3% of the 197,169 donor-specific SNP sites identified from the genomes of this donor-recipient pair. Those 10,438 donor-specific alleles were recovered from sequenced cell-free DNA molecules that spanned 2.3 Mb. Thus, it may be possible that 0.3% (6,966/2.3M) of the coordinates in the genome were liver-associated plasma DNA preferred end coordinates. Multiple cell-free DNA molecules ended on each of the preferred end coordinates. A median of 16 (range 3-82) cell-free DNA molecules terminated at any one of the identified preferred end coordinates. This was 30 times more frequent than if cell-free DNA was randomly cleaved. We also identified the recipient-associated preferred end sites. Cell-free DNA molecules carrying the recipient-specific alleles were mainly derived from the recipient's hematopoietic system (21) . The number of SNPs heterozygous in the recipient (genotype AB) and homozygous in the donor (genotype AA) was 202,652. Set X included 3,036 end coordinates that showed statistically significant overrepresentation among cell-free DNA molecules carrying recipient-specific alleles (SI Appendix, Fig. S5B ). Set Y included 3,445 end coordinates that were significantly overrepresented among cell-free DNA molecules with the shared alleles. Set Z included 2,429 genomic coordinates that were significantly overrepresented among cell-free DNA molecules with a recipient-specific allele as well as those with a shared allele. These preferred end coordinates were obtained from cell-free DNA fragments associated with 2,717 SNPs, accounting for 1.4% of the analyzed SNPs. A median of 18 (range 7-97) cell-free DNA molecules terminated at any one of these preferred end coordinates.
Correlation Between Liver DNA Fraction and Abundance of Cell-Free DNA with Liver-Associated Preferred Ends. The abundance of cellfree DNA molecules with liver-associated preferred ends was calculated based on the number of molecules ending on set A (donor-derived) coordinates as a ratio to the number of molecules ending on set X (recipient-derived) coordinates. We tested if these preferred ends mined from a single individual were also observable in the plasma of other liver transplant recipients. We sequenced the PCR-amplified plasma DNA libraries of 13 other liver transplant recipients (22) . The median number of mapped reads was 21.1 million (range: 16.2-26.3 million). Microarray genotyping was also performed for these donor-recipient pairs. The sequence reads aligned to informative SNPs where the donor was heterozygous, and the recipient was homozygous were used to calculate the liver DNA fraction in each plasma sample. A positive correlation was observed between the abundance of cellfree DNA with ends at the liver-associated end coordinates against the liver DNA fractions based on the abundance of donor-specific alleles (R = 0.78, P = 0.0017, Pearson correlation, Fig. 4 ). In contrast, SI Appendix, Fig. S6 showed that there was no correlation between the SNP-based liver DNA fraction and the abundance of plasma DNA fragments terminating at the fetal-associated preferred end coordinates over the maternal-associated preferred end coordinates identified in a previous study (14) .
Tumor-Associated Cell-Free DNA Preferred Ends. Unlike the liver transplantation case where there were 197,169 SNP sites informative for donor-specific alleles, there were just 11,903 somatic mutations harbored by the tumor of the HCC patient. Instead of focusing on cell-free DNA molecules bearing somatic mutations, we compared the ending patterns between cell-free DNA of the HCC patient (220× haploid genome coverage) and cell-free DNA of a patient with chronic HBV infection (150× haploid genome coverage) to identify tumor-associated cell-free DNA molecules (Fig. 2B) . We chose to compare the HCC cfDNA ending profile against that of a chronic HBV patient because our HCC patient also had chronic HBV infection and we aimed to minimize the chance of labeling HBV-related ending profiles as tumor-associated. We determined if any locations in the human genome showed significantly increased probability beyond that expected by the Poisson distribution of being a cell-free DNA ending site in either sample (15) . A P value of <0.01 was used to indicate statistical significance of the overrepresentation of cell-free DNA ends. We found a total of 9.8 and 13.8 million genomic coordinates exhibiting significant overrepresentation of cell-free DNA ends in the HCC sample and HBV sample, respectively. There were 4.4 million preferred end sites common to both samples (Fig. 5A) . End sites that were not shared between the cell-free DNA samples from the HCC and chronic HBV patients were deemed as the tumor-associated and nontumor-associated preferred end coordinates, respectively. Majority of the tumor-associated preferred end coordinates were found to be in the intergenic regions (58%) or gene bodies (39%) while a small proportion were located at gene promoters (3%). Informative SNP loci where the liver transplant recipient was homozygous (denoted as AA) and the donor was heterozygous (denoted as AB) were used as markers to differentiate and study the donor DNA fragment ends. The B allele (red) represented a donor-specific allele in this context. In the plasma of a liver transplant recipient, the DNA carrying B alleles (red) were donor-derived DNA molecules. The other type of informative SNP loci for which the recipient was heterozygous (denoted as AB) and the donor was homozygous (denoted as AA) were used as markers to differentiate and study the recipient DNA fragment ends. The B allele (blue) represented a recipient-specific allele. In the plasma of a liver transplant recipient, the DNA carrying B alleles (blue) were recipient-derived DNA molecules. Cell-free DNA molecules were aligned and genomic coordinates with overrepresentation, frequency significantly higher than that predicted by the Poisson distribution, of cell-free DNA ends were noted. Genomic coordinates showing a significant overrepresentation of fragment ends associated with donor-derived (red) and recipient-derived (blue) cell-free DNA molecules were termed donor-preferred and recipient-preferred end coordinates, respectively. (B) Nonpolymorphism-based end signature analysis. A genomewide scanning strategy was used to identify genomic locations where the observation of cell-free DNA fragment ends were significantly increased compared with that expected for a Poisson distribution in plasma of HCC patients or chronic HBV carriers.
Evidence for Tumoral Association of the Identified Preferred End
Coordinates. Using the preferred end coordinates identified from the discovery sample pair, we calculated the ratios of the number of cell-free DNA molecules showing the tumor-associated preferred ends to those with the nontumor-associated preferred ends among the cell-free DNA samples of 90 HCC patients reported in our previous study (16) . Plasma DNA sequencing libraries were prepared using a protocol involving library enrichment by PCR amplification and were sequenced to a median sequencing depth of 1.5× haploid genome coverage (range: 0.8-3.9×). There was a positive correlation between ratios of tumor-to nontumor-associated preferred ends and the tumor DNA fractions (R = 0.60, P < 0.001, Pearson correlation, Fig. 5B ). The tumor DNA fractions were determined from quantitative assessment of the extent of chromosomal copy number aberrations as described in our previous study (16) . Next, we studied the abundance of the tumor-associated preferred ends and showed that the ratios of tumor-to nontumor-associated preferred ends were significantly increased in the plasma samples of the 90 HCC patients compared with the plasma samples of other non-HCC participants from the same study (16) , namely healthy controls (n = 32), HBV carriers (n = 67), and patients with liver cirrhosis (n = 36), (Fig.  6A , P < 0.001, Kruskal-Wallis test). Using the ratios of the abundance of tumor-to nontumor-associated preferred ends, the area under the receiver operating curve between HCC and non-HCC identification was 0.88 (Fig. 6B) . We studied the size profiles of cell-free DNA molecules showing the tumor-and nontumor-associated preferred ends in the previous cohort of 90 cases (16) . The size profile of one representative example with plasma tumor DNA fraction of 20.8% is shown in Fig. 7A . The size profile for DNA fragments with tumor-associated preferred ends was on the left of that for fragments with nontumorassociated preferred end sites (Fig. 7A) . These data indicated that cell-free DNA molecules with the tumor-associated preferred ends were shorter than those with the nontumor-associated preferred ends. These results were consistent with the fact that tumor-derived DNA in plasma was shorter than nontumor-derived DNA in plasma (16) and provided additional evidence that the tumor-associated ends that we have identified were likely to be a feature of plasma DNA molecules that originated from the tumor.
To quantify the extent of the size shortening, cumulative frequency plots were generated for the cell-free DNA with the tumoror nontumor-associated preferred ends (SI Appendix, Fig. S7A ) for each plasma sample. The difference between the two curves, denoted as ΔS (SI Appendix, Fig. S7B ) was calculated (16) . A higher positive value of ΔS at a particular size indicated an increased amount of DNA with tumor-associated preferred ends shorter than that size cutoff. The ΔS value at 166 bp, i.e., the ΔS 166 value, was used to quantify the degree of size shortening among cell-free DNA molecules with tumor-associated preferred ends. The ΔS 166 values progressively increased as the tumor DNA fraction increased (Fig. 7B) in the HCC group. However, for HCC patients with a tumor DNA fraction of less than 2%, there was small reduction in the ΔS 166 values compared with the non-HCC subjects (Fig. 7B) . These results were consistent with our previous study whereby plasma from HCC patients with low tumor DNA fraction showed lengthened size profiles, which was speculated to be contributed by cell death in the nonneoplastic liver tissue surrounding the tumor (16).
Discussion
It has been envisioned that ctDNA analysis may provide the means to develop blood-based tests for the early detection of Pearson's r = 0.60 P-value < 0.001
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cancers. However, it is a challenging task to conclusively determine if a nucleic acid signature is a ctDNA molecule when the sample is collected from a person not already known to have cancer. Such a challenge stems from both biological and technical reasons. Biologically, cancers are heterogeneous and their molecular profiles vary from case to case. Besides, if one aims to detect early stage cancers, the tumor might exhibit a smaller subset of the mutations at low concentrations in the circulation (4). Intratumoral heterogeneity may also render the concentrations of ctDNA mutations to be different from each other even in the same plasma sample (7, 8) . To enhance the sensitivity of ctDNA analysis for detection of cancers without a priori genetic information from the tumor, we reasoned that one may need to enlarge the pool of cancer-associated qualitative signatures that are searchable in plasma of cancer patients. In this study, we first developed an approach to detect the total pool of somatic mutations, both drivers and passengers, in plasma. Next, we investigated the existence of tumor-associated preferred DNA ends as a class of ctDNA signature. For somatic mutation detection in plasma, we have adopted a multistep bioinformatics filtering strategy to distinguish true somatic mutations from sequencing artifacts. Each putative variant was compared with the blood cell DNA analysis of the tested individual and would be removed as a candidate somatic mutation if it was present in the blood cell DNA, which may represent a germ-line variant or a variant associated with hematopoietic cell proliferation (23) . Because each plasma DNA sample was sequenced to >100× human haploid genome coverage, true somatic mutations should be present among multiple sequence reads covering the locus. However, given the high sequencing depth, the same sequencing error could also be present in more than one read covering the locus due to chance alone. The chance of observing the same sequencing error in multiple reads correlated with the sequencing depth at the base location where the artifactual variant was observed. We have therefore developed a dynamic filtering algorithm that applied a different read threshold depending on the sequencing depth at the base location of each putative somatic variant. A variant would only be retained as a candidate if it was present in multiple reads beyond the threshold for that site. The threshold calculation was based on a generally accepted sequencing error rate of 0.3% for the sequencing platform used in this study.
After the potential sequencing artifacts were removed, a second aligner was used to remove candidate variants that may have evidence of alignment errors. In addition, an abundance filtering was applied to identify variants that were present at no less than a certain fractional concentration. To identify somatic mutations in the tumor biopsy, we adopted an abundance cutoff of 30% because the tumor biopsy should be enriched with tumoral cells, but we also expected there to be intratumoral heterogeneity. For the plasma sample, an abundance cutoff of 5% was used because ctDNA concentrations were more diluted in plasma than tumor tissues. Lastly, because ctDNA molecules were known to be shorter than non-ctDNA molecules in plasma (16) , an additional DNA fragment length cutoff could be applied for somatic mutation identification from plasma.
The results showed that this multistep error reduction strategy could substantially enhance the specificity of somatic mutation identification among ctDNA. The PPV improved from 8.8 to 85% (Fig. 1A) . The candidate somatic variants identified from the tumor tissue or directly from plasma were likely to be true because they were present among cell-free DNA molecules that were shorter than the background DNA molecules (Fig. 1B and  SI Appendix, Fig. S2A ). Only few false-positive variants were identified using the algorithm in the adjacent normal liver tissue (96 variants), the cord plasma (133 variants), and plasma of a chronic HBV patient (222 variants).
Our strategy was different from methods based on the use of unique molecular barcodes (24) . Here, we used PCR-free sequencing libraries to attempt to detect all unique DNA molecules in the sample. On the contrary, methods incorporating the use of molecular barcodes favored amplification of the barcode-tagged DNA molecules (24) . Variants observed among sequence reads tagged with the same barcode were deemed as PCR duplicates. However, in our approach, the sequencing libraries were not amplified. Hence, no PCR duplicates would be expected and the sequencing resources could be fully deployed for interrogating the molecular information in the sample.
In fact, the lack of library amplification also facilitated us to identify cell-free DNA end signatures that were overrepresented in plasma. If PCR amplification was adopted, some of such molecules may have been presumed to be PCR duplicates. We embarked on the search for tumor-associated cell-free DNA preferred ends because we reasoned that the total mutational burden of each tumor, reported to be in the order of 3,000-30,000 mutations (12), was too low as a means for cost-effective identification of early cancers through ctDNA analysis. Another class of ctDNA signature was needed to expand the number of tumor-associated hallmarks, which one may be able to detect within a random representative cell-free DNA sample for the identification of early cancers. We explored if tumor-associated cell-free DNA end signatures might exist in the plasma of HCC patients. To test this hypothesis, we first investigated if liver-associated cell-free DNA preferred ends could be detected in plasma of liver transplant recipients. Our data not only showed that they existed, but also that the abundance of cellfree DNA molecules with the liver-associated ends reflected the amount of liver-derived DNA in the plasma samples. Based on those data, we estimated that there could be millions of such liverassociated end coordinates in the genome. Encouraged by those data, we proceeded to identify and demonstrate the presence of tumor-associated cell-free DNA preferred end signatures among HCC patients.
Although we have previously reported the presence of fetusassociated cell-free DNA preferred ends (14) , the demonstration of the existence of tumor-associated cell-free DNA preferred ends provided additional biological insights. We showed that the cell-free DNA preferred end coordinates derived from the transplanted liver and the hepatocellular carcinoma were different from those derived from the placenta. From a technical perspective, genotype differences between a fetus and its mother or between a transplant donor and recipient offered a more convenient means to identify cell-free DNA molecules specifically belonging to the relevant individual and, hence, the identification of the preferred end coordinates associated with cellfree DNA released by tissues of that individual. However, a relative disadvantage of the genotype-based approach was that the identification of the preferred end coordinates was limited to cell-free DNA derived from the limited number of informative SNP loci. Consequently, <10,000 preferred end sites were identified to be liver-associated in this study and to be fetusassociated in our previous study (14) . It was remarkable to see that subsets of this relatively small set of liver-derived preferred end coordinates were detectable in other unrelated liver transplant donor-recipient pairs (Fig. 4) .
Using the number of informative SNPs among the donorrecipient pair and the proportion of such SNPs associated with cell-free DNA preferred end coordinates, we extrapolated the potential number of tissue-specific cell-free DNA preferred end coordinates that might exist in the genome. Based on our data, 0.3% of the genome, meaning about 1 million genomic loci, was expected to be preferred ending locations. Interestingly, we identified 9.8 million and 13.8 million preferred ends in the plasma of the HCC and chronic HBV patients, respectively. It is noteworthy that due to the relatively small number of somatic mutations harbored by the HCC tumor, we did not use the mutations as a means to identify tumor-associated cell-free DNA preferred end coordinates. Instead, a direct comparison between the cell-free DNA profiles between the HCC and chronic HBV patients was performed. This mining strategy was confirmed to be fruitful because the set of tumor-associated preferred end coordinates identified were indeed enriched in the plasma of HCC patients compared with healthy subjects, chronic HBV carriers, and patients with liver cirrhosis (Fig. 6) . Quantities of these end signatures bore correlation with the tumor DNA fractions in those samples (Fig. 5B) . Interestingly, the plasma samples of those 90 HCC patients were only sequenced to 1.5× haploid genome coverage using a library preparation protocol involving PCR amplification. First, these observations supported our hypothesis that having a large pool of candidate ctDNA signatures would facilitate one to gather evidence for the presence of cancer even at a relatively low level of plasma DNA sampling. Second, PCR amplification of the libraries did not hinder the identification of cell-free DNA with those preferred ends. We believe that this was partly because PCR duplicates were not prominent at low sequencing depths and also because the preferred end sites were typically present on just one end of the plasma DNA molecules while PCR duplicates would feature identical sequences on both ends of the cell-free DNA molecules.
We have recently performed a detailed analysis of the plasma DNA preferred ends in maternal plasma (15) . We found that fragmentation patterns observed among cell-free fetal DNA and cell-free maternal DNA bore resemblance to the transposase cutting patterns identified from placental tissues and maternal blood cells, respectively. Transposase cuts genomic DNA at locations where the chromatin is accessible. These data suggest that plasma DNA fragmentation may be related to the chromatin accessibility of the tissue of origin. Applying this insight onto the findings of the present study, it is possible that cells of HCC have different chromatin accessibility profiles compared with those of the cells in the transplanted liver. This may further suggest that the profiles of cell-free DNA preferred ends might be different among DNA originating from different organs and tumor derived from different cell types. Thus, the analysis of cell-free DNA preferred ends might enable one to identify the tissue of origin of the associated cell-free DNA molecules and, hence, the organ of pathology or cancer.
In this study, we have demonstrated the presence of tumorassociated cell-free DNA preferred end coordinates among HCC patients and it would be interesting to explore if such observations could be extended to other cancers. In this study, we have explored the potential utilities of detecting such cell-free DNA preferred ends. It would be of value if future studies could be designed to address the clinical value of the detection of cell-free DNA preferred ends in larger sample cohorts. Abundance of these characteristic ends in plasma provided an estimation of the tumor fraction of the sample even at low sequencing depths. This observation provided the evidence to support that these end coordinates could serve as a class of ctDNA signatures, allowing one to determine if a cell-free DNA molecule was likely to be tumor-derived or not. Due to their high abundance across the genome, their sampling and detection could be achieved more cost-effectively than the detection of somatic mutations. One may consider the use of approaches to specifically target the detection of these cancer-associated sequence signatures among cell-free DNA. In fact, many of the strategies formerly developed for the detection of circulating somatic mutations may be adapted for the detection of tumor-associated cell-free DNA preferred ends. With an expanded pool of sequence-specific ctDNA signatures, including somatic mutations and tumorassociated preferred DNA ends, it is expected that the sensitivity of the liquid biopsy approaches could be greatly enhanced, and it would be interesting to assess the value of deploying these end coordinates for the noninvasive detection of early cancers.
Materials and Methods
Sample Processing and Sequencing. Plasma DNA libraries were constructed from 4 mL of plasma without library enrichment, namely without PCR amplification (14) . Paired-end massively parallel sequencing was performed. The sequencing data were analyzed using the SOAP2 aligner (17) . The paired-end reads were mapped to the reference human genome (hg19) in a paired-end mode, allowing two mismatches for the alignment for each end. Only paired-end reads with both ends aligned to the same chromosome with the correct orientation, spanning an insert size of ≤600 bp were used for downstream analysis. Details for the sample processing and sequencing protocols are described in the SI Appendix, Supplemental Methods.
Detection of Somatic Mutations. Apparent sequence variants may result from sequencing errors and alignment errors. To remove such apparent variants, we applied a dynamic read count-based filtering strategy followed by sequence read realignment. Variants that were present at lower than a threshold number of reads would be removed from further consideration, whereby the threshold is different depending on the sequence depth at the base position interrogated and, hence, was a dynamic selection of thresholds. The thresholds were selected based on assuming that sequencing errors occurred at a rate of 0.3% (25) . Sequence reads containing candidate variants that remained after dynamic filtering were further subjected to realignment using Bowtie2 (18) . Sequence reads that were mapped to different genomic locations by the first and second aligners were discarded. Details of the bioinformatics approaches are described in the SI Appendix, Supplemental Methods.
Identification of Cell-Free DNA Preferred End Coordinates. In general, the goal of the analysis was to identify genomic coordinates that were statistically significantly overrepresented as a cell-free DNA end position in a sample than as expected by Poisson distribution (14, 15) . To identify liver-derived cell-free DNA preferred ends, we compared the cell-free DNA end coordinates among donor-specific and recipient-specific cell-free DNA molecules as determined by SNP genotype differences between the donor and recipient. To study the HCC-derived cell-free DNA preferred ends, we compared the cellfree DNA end coordinates between a plasma sample from an HCC patient and that of a chronic HBV carrier. Details of the bioinformatics approaches are described in SI Appendix, Supplemental Methods.
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